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C h e m iso rp tio n  o f  m o le c u la r  g a se s  on m e ta ls  i s  g e n e r a l ly  r a p i d ,  
o c c u r r in g  a t  a r a t e  co m p arab le  to  th e  r a t e  o f  m o le c u la r  c o l l i s i o n s  w ith  
th e  c r y s t a l .  The c h e m is o rp t io n  o f  s im p le  h y d ro c a rb o n s , h o w ev er, h as  long  
b een  r e c o g n iz e d  as a slow  p r o c e s s ,  w hich  a c c e l e r a t e s  a t  h ig h e r  te m p e r a tu r e s .  
In  e a r l i e r  d ay s su ch  a c t i v a t e d  c h e m is o rp t io n  was th e  s u b je c t  o f  c o n s id e r ­
a b le  s p e c u l a t i o n ,  and a v a r i e t y  o f  l i m i t i n g  s t e p s  h as  b een  p ro p o se d : 
e x c i t a t i o n  o f  p h o n o n s, in te r b a n d  t r a n s i t i o n s ,  o r  p lasm ons in  th e  s o l i d ,  
a s  w e l l  a s  e x c i t a t i o n  o f  e l e c t r o n i c ,  t r a n s l a t i o n a l ,  v i b r a t i o n a l ,  o r  
r o t a t i o n a l  s t a t e s  o f th e  gas m o le c u le .  H ow ever, th e r e  h as  n e v e r  been  a 
c l e a r  c u t  e x p e r im e n t to  p ro b e  th e  n a tu r e  o f  th e  b a r r i e r  to  d i s s o c i a t i v e  
c h e m is o rp t io n  on a c le a n  m e ta l .  We w ish  to  r e p o r t  a s e r i e s  o f  e x p e r im e n ts  
w h ich  e s t a b l i s h  a c t i v a t e d  a d s o r p t io n  o f  m o le c u le s  on a c le a n  m e ta l  s u r f a c e  
and f o r  th e  f i r s t  tim e  p ro v id e  a c lu e  to  th e  m echanism  o f a c t i v a t i o n .
A fu n d a m e n ta l p ro b lem  in  a c t i v a t e d  a d s o r p t io n  i s  to  l o c a te  th e  
s i t e  o f  th e  a c t i v a t i o n .  To t h i s  end  we have a d o p te d  m o le c u la r  beam 
te c h n iq u e s .  T hese p e rm it  in d e p e n d e n t c o n t r o l  o v e r  th e  te m p e ra tu re  o f  th e  
r e a c t i n g  gas as w e ll  as  o f  th e  c r y s t a l  s u r f a c e .  The r e a c t i o n  c h o sen  f o r  
s tu d y  i s  th e  a d s o r p t io n  o f  m ethane on rh o d iu m . F o r c h e m is o rp t io n  o f  
m ethane on n i c k e l ,  K em ball^  some tim e  ago fo u n d  a s i z e a b le  a c t i v a t i o n
S u p p o rte d  by th e  A ir  F o rc e  O f f ic e  o f  S c i e n t i f i c  R e se a rc h  (AFSC), USAF, 
u n d e r G ra n t AFOSR 69-1671  and 7 2 -2 2 1 0 .
22e n e rg y ,  11 k c a l /m o le .  More r e c e n t l y  F r e n n e t  and L ie n a rd  have r e p o r te d  a 
more r a p i d ,  b u t s t i l l  a c t i v a t e d  c h e m is o rp t io n  on rh o d iu m . Rhodium was 
s e l e c t e d  in  p r e f e r e n c e  to  n i c k e l  in  view  o f  th e  d i f f i c u l t y  o f  c le a n in g  
th e  l a t t e r .
Our m o le c u la r  beam sy s te m  i s  shown s c h e m a t ic a l ly  in  F ig .  1. The 
beam , form ed by a m u l t i - c h a n n e l  s o u r c e ,  im p in g es d i r e c t l y  on a rhod ium  
c r y s t a l  m ounted as th e  e m i t t e r  in  a f i e l d  e m is s io n  m ic ro s c o p e . T h is  
a rra n g e m e n t makes i t  p o s s ib le  to  v i s u a l l y  e s t a b l i s h  th e  c l e a n l i n e s s  o f  
th e  c r y s t a l  u n d e r u l t r a - h i g h  vacuum c o n d i t io n s  and to  sam ple th e  amount 
o f  g as  on th e  s u r f a c e  a f t e r  e x p o su re  to  th e  beam , u s in g  th e  work f u n c t io n  
change as  an i n d i c a t o r  o f  c o v e ra g e . D u rin g  a d s o r p t io n  no f i e l d s  a re  
a p p l i e d  to  th e  m ic ro sc o p e ; t h i s  i s  o p e r a te d  o n ly  a f t e r  th e  beam h a s  been  
i n t e r r u p t e d  and u l t r a - h i g h  vacuum c o n d i t io n s  have b een  r e s t o r e d .  A l i q u i d  
h y d ro g e n  c o ld f in g e r  k eep s  th e  b ack g ro u n d  d u r in g  o p e r a t io n  o f  th e  beam 
b e lo w  10  ^ mm and lo w ers  th e  p r e s s u r e  r a p i d l y  a f t e r  th e  g as  s o u rc e  i s  s h u t  
o f f .  W ith  th e  e x c e p t io n  o f  th e  c r y s t a l ,  i t s  s u p p o r t s ,  and a few e l e c t r i c a l  
c o n n e c t io n s ,  th e  sy stem  i s  made e n t i r e l y  o u t  o f  g la s s  to  m in im ize  th e  
ch an ce  d e c o m p o s itio n  o f  th e  m e th an e .
The i n i t i a l  p u r i t y  o f  th e  gas i s  a l s o  a m ajo r c o n s id e r a t io n  in
any  s tu d y  o f  a c t i v a t e d  a d s o r p t io n .  F o r  a p ro c e s s  w ith  an a c t i v a t i o n  e n e rg y
4o f  10 k c a l /m o le  l e s s  th a n  one in  10 m o le c u le s  can  be e x p e c te d  to  r e a c t  
even a t  700°K ( th e  u p p e r l i m i t  o f  o u r  e q u ip m e n t) .  The l e v e l  o f  im p u r i t i e s  
m ust be k e p t  s u b s t a n t i a l l y  below  t h i s ,  to  e n s u re  t h a t  th e y  c a n n o t mask 
r e a c t i o n  o f  th e  beam. In  o u r  sy s tem  t h i s  i s  a c c o m p lish e d  by a s e r i e s  o f 
s e l e c t i v e  g e t t e r s .
F ig .  1 S ch em a tic  d ia g ra m  o f  m o le c u la r  beam f i e l d  e m is s io n  m ic ro sc o p e  
w ith  l i q u i d  h y d ro g en  c o l d f i n g e r .
4The a b i l i t y  to  d e t e c t  a d s o r p t io n  on th e  f i e l d  e m i t t e r  h as  b e e n  
e s t a b l i s h e d  by a llo w in g  a (low  p r e s s u r e )  beam o f  m ethane a t  79°K to  im pinge 
on th e  rho d iu m  c r y s t a l  a t  th e  same te m p e r a tu r e .  A la y e r  o f  p h y s i c a l l y  
a d so rb e d  m ethane i s  c l e a r l y  v i s i b l e  in  th e  e m is s io n  p a t t e r n ,  and a t  
s a t u r a t i o n  th e  work f u n c t io n  o f  th e  s u r f a c e  i s  fo und  to  d im in is h  by
0 .5  eV . On h e a t in g  th e  rhodium  to  room te m p e ra tu re  w ith  th e  beam i n t e r r u p t e d ,  
th e  work f u n c t io n  o f  th e  s u r f a c e  was r e s t o r e d  to  th e  v a lu e  p r i o r  to  g as  
e x p o s u re ,  4 .9  eV, and a c le a n  e m is s io n  p a t t e r n  was o b ta in e d .  E v id e n t ly  th e  
p h y s i c a l l y  a d so rb e d  g as  was n o t c o n v e r te d  i n to  a c h em iso rb ed  l a y e r ,  r a t h e r  
i t  was e v a p o ra te d  in to  th e  g a s .  T h a t th e  p h y s i c a l ly  a d so rb e d  la y e r  was 
d e p o s i te d  d i r e c t l y  from  th e  beam and n o t from  th e  am b ien t was p ro v en  in  
s e p a r a t e  e x p e r im e n ts .  The rhod ium  c r y s t a l  was c o o le d  to  l i q u i d  h y d ro g en  
te m p e ra tu re  to  h a l t  s u r f a c e  d i f f u s i o n  o f  th e  p h y s is o rb e d  g a s .  The a r e a  o f  
c r y s t a l  s u r f a c e  t h a t  had  b een  shadow ed by th e  beam was th e n  c l e a r l y  v i s i b l e .
W ith  th e  m o le c u la r  beam a t  300°K and th e  c r y s t a l  a t  245°K i t  i s
a p p a r e n t  from  F ig .  2 t h a t  no s i g n i f i c a n t  c h an g es  o c c u r  in  th e  work f u n c t io n
(o r  th e  a p p e a ra n c e  o f  th e  e m is s io n  p a t t e r n ) ,  even  a f t e r  th e  rhod ium  c r y s t a l
18 9h as  b een  s t r u c k  by 10 m o le c u le s /c m  . R a is in g  th e  c r y s t a l  te m p e ra tu re  
t o  400 K b r in g s  no change h e r e .  C le a r ly  th e r e  i s  no r e a c t i o n  w ith  th e  
m e th a n e , and im p u r i t i e s  have b een  s u c c e s s f u l l y  e l im in a te d .
A v a s t l y  d i f f e r e n t  b e h a v io r  i s  a p p a r e n t  when th e  m ethane i s  
b ro u g h t  to  680°K . The w ork f u n c t io n  o f  th e  s u r f a c e ,  s t i l l  a t  245°K , now 
c h an g es  a p p r e c ia b ly .  As in d ic a t e d  in  F ig .  2 , th e  in c r e a s e  a t  s a t u r a t i o n  
am ounts to  0 .4  eV o r  m ore. T h a t t h i s  change in  th e  e m is s io n  p r o p e r t i e s  
i s  due to  a c h e m iso rb ed  l a y e r  o f  m e th a n e , and n o t to  im p u r i t i e s  e v o lv e d
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F i g .  2 Change in  w ork f u n c t io n  o f  rhod ium  c r y s t a l  a s  a f u n c t io n  o f  
e x p o su re  to  th e  m o le c u la r  beam a t  two beam te m p e r a tu r e s .
6from  th e  h o t  beam s o u r c e ,  was e s t a b l i s h e d  in  b la n k  r u n s .  In  th e s e  th e
beam so u rc e  was k e p t  a t  680°K f o r  co m p arab le  p e r io d s  w i th o u t  a d m it t in g
m eth an e . No s i g n i f i c a n t  ch an g es w ere d e t e c t e d  on th e  s u r f a c e .
When th e  rhod ium  was m a in ta in e d  a t  a much low er te m p e r a tu r e ,  a t
145°K, e s s e n t i a l l y  th e  same b e h a v io r  was d o cu m en ted . A gain  a d s o r p t io n
c o u ld  be i n i t i a t e d  m e re ly  by h e a t in g  th e  beam to  500°K o r  h ig h e r .  T hese
m easu rem en ts t h e r e f o r e  e s t a b l i s h  f o r  th e  f i r s t  tim e  t h a t  e x c i t a t i o n  o f  th e
gas i s  s u f f i c i e n t  to  b r in g  a b o u t d i s s o c i a t i v e  c h e m is o rp t io n  o f  th e
m e th a n e , even  on a c o ld  s u r f a c e .
The d e t a i l e d  m echanism  by w hich  th e  m ethane m o le c u le  overcom es
th e  b a r r i e r  to  c h e m is o rp t io n  d o es n o t  y e t  em erge u n e q u iv o c a l ly  from  th e s e
14e x p e r im e n ts .  H ow ever, assu m in g  a s a t u r a t i o n  c o n c e n t r a t io n  o f  1 .4  x 10
2m ethane m o le c u le s  on rh o d iu m , th e  r a t e  o f  w ork f u n c t io n  change o b se rv e d
in  o u r e x p e r im e n ts  le a d s  to  a b a r r i e r  on th e  o r d e r  o f  10 k c a l /m o le .  T h is
e l im in a te s  e l e c t r o n i c a l l y  e x c i t e d  s t a t e s  a s  in t e r m e d ia r i e s  in  th e  r e a c t i o n - -
th e  lo w e s t e x c i t e d  l e v e l  l i e s  8 .5  eV above th e  g round  s t a t e .  R o ta t io n a l
e x c i t a t i o n  o f  th e  m o lecu le  a l s o  does n o t a p p e a r  im p o r ta n t  a s  th e  l e v e l  
“ 3  l\s p a c in g ,  5*10 eV, i s  much to o  s m a l l .  O nly th e  t r a n s l a t i o n a l  o r  v i b r a t i o n a l  
modes o f  th e  m o le c u le  a re  t h e r e f o r e  l i k e l y  to  be d i r e c t l y  in v o lv e d  in  su rm o u n t­
in g  th e  b a r r i e r .  A d e c i s io n  a b o u t t h e i r  r e l a t i v e  c o n t r i b u t i o n  m ust a w a it  
th e  r e s u l t s  o f  q u a n t i t a t i v e  r a t e  m easu rem en ts now underw ay .
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